Illumination at low temperatures of ethanol solutions of p-benzoquinone, alone or in the presence of chlorophyll or pheophytin, leads to the reversible formation of radical complexes. Based on g-value determinations and deuterium-substitution effects, the radicals are identified as a semiquinone and an ethoxy radical. In the porphyrin-sensitized system, ternary complexes are produced. Chlorophyll also forms a cation radical upon illumination, whereas pheophytin does not. The generation of this cation radical is independent of the presence of quinone, and proceeds via the chlorophyll singlet state, as opposed to quinone and ethoxy radical production, which involve triplet states. The significance of these reactions to photosynthetic energy conversion is discussed.
Our previous studies of chlorophyll-sensitized quinone radical production in solution (1-3) have provided indirect evidence, mainly kinetic in nature, for the following primary photoprocess:
(solvent-Chl-quinone) + hp --(solvent-ChlT-quinone) (solvent-ChlI-quinone) solvent0X+ Chl + quinonered This mechanism proposes that absorption of a photon within a ternary complex results, via the chlorophyll triplet state, in the formation of an oxidized solvent radical and a reduced quinone radical (semiquinone). The purpose of this communication is to report on attempts to obtain further support for this mechanism by the use of low temperatures to stabilize the solvent radical, and deuterated solvent and quinone to permit individual identification of ESR signals due to radicals derived from these components. As will be shown, evidence has been obtained that demonstrates that illumination of these solutions does indeed lead to the formation of the above-mentioned radicals, in addition to the chlorophyll cation radical, which is produced in a separate parallel reaction. A more complete account of these experiments, which will be published separately (manuscript in preparation), includes a detailed interpretation of the ESR spectra in terms of the nature of the intermediates that are formed.
METHODS
All of the experimental techniques involved in sample preparation, chlorophyll purification, and ESR observation have been described (2, 4 Fig. 1 is reversibly produced. Note the poorly-resolved, but still evident, hyperfine structure that is present, particularly on the low-field side of the spectrum. Under similar experimental conditions, replacement of ethanol by its fully-deuterated analog resulted in a considerable improvement in spectral resolution (Fig. 1) . A possible cause of such enhanced resolution is that the observed ESR spectrum is actually composed of two overlapping resonances, one due to a semiquinone radical and the other to a solvent radical. The substitution of the solvent radical by a deuterated species would be expected to produce a narrowed signal and, hence, an improved spectral resolution.
That the outer lines of these spectra are indeed the result of hyperfine interaction within a quinone radical is demonstrated by the considerable narrowing and loss of structure observed in the ESR spectrum when the quinone was replaced by its fully-deuterated analog (Fig. 1) .
It should be pointed out that on the basis of this spectrum the width of the underlying ESR signal due to the solvent radical does not appear to be sufficiently large to completely account for the marked increase in spectral resolution observed upon substitution of deuterated ethanol for ordinary ethanol. Note, however, that the asymmetric shape of the spectrum does explain the somewhat poorer resolution seen on the high-field side of the spectrum. Furthermore, a detailed interpretation of the temperature-dependence of the hyperfine structure of the quinone radical signal suggests that an interaction occurs between this species and the solvent radical at one of the ring positions in the quinone molecule. The substitution of deuterium for hydrogen in the quinone and in the ethanol apparently acts to change the nature of this interaction and, thus, to modify the ESR signal shapes. This apparent discrepancy, however, does not change the basic conclusion arrived at as a result of these experiments, i.e., that both solvent radical and quinone radical species are Abbreviations: Chl, chlorophyll; ESR, electron spin resonance. formed as a result of illumination. The spectrum observed when both components were deuterated (Fig. 1 When chlorophyll was used as the sensitizer in place of pheophytin, the results were qualitatively similar, except that an additional resonance signal was observed. In Fig. 2a , ESR spectra obtained in the light and in the dark subsequent to irradiation are shown for the system chlorophyll-benzoquinone-ethanol. A comparison of the light-induced spectrum shown in this figure with the analogous spectrum of Fig. 1 shows that a similar, although not as clearly resolved, set of hyperfine lines appears on the low-field side of the resonance signal. The poorer resolution is due to an additional underlying resonance obtained with chlorophyll, but not with pheophytin, that does not decay in the dark at this temperature. This signal is also shown in Fig. 2a . The formation of the latter radical species is completely independent of the presence of quinone. Furthermore, quenching experiments with ,8-carotene show that its production is sensitized by the chlorophyll singlet state, rather than the triplet state as is the case for quinone radical formation. The line width (n 8 Gauss) and g-value (2.0025 4 0.0003) of the resonance are consistent with an identification of this paramagnetic species as the chlorophyll cation radical (6).
In Fig. 2b , the ESR spectrum obtained upon irradiation of chlorophyll and benzoquinone in deuterated ethanol is shown, along with the corresponding pheophytin spectrum for comparison. It is-clear that the spectral differences observed can be ascribed solely to the presence of the chlorophyll cation radical.
In porphyrin is seen to have a -marked effect on the rate of radical disappearance after the light is turned off. Furthermore, the decay rate obtained in the chlorophyll system was considerably greater than when pheophytin was used as sensitizer. In all cases, first-order kinetics are obeyed and both ESR signals decay (and rise) at the same rate.
DISCUSSION
The above results provide a clear demonstration that lowtemperature illumination of ethanol solutions of quinone alone, pheophytin-quinone, or chlorophyll-quinone leads to the simultaneous production of a semiquinone radical and a solvent radical. The g-value and lack of hyperfine structure of the resonance due to the solvent species are consistent with the known ESR properties of ethoxy radicals (7), which are quite different from those of radicals resulting from ahydrogen abstraction (8) . The kinetic results (first-order decay and dependence of decay rate on porphyrin) indicate that complexes are being generated, a binary complex of semiquinone and ethoxy radical in the case of quinone alone, and a ternary complex of porphyrin, semiquinone, and ethoxy radical in the porphyrin-sensitized process. Furthermore, chlorophyll is capable of generating its cation radical via a singlet-state reaction (presumably by electron ejection to the solvent). The absolute requirement for a central magnesium atom in order for this process to occur is quite interesting and might suggest that a coordinated solvent molecule participates in the photoejection reaction.
The generation of ethoxy radicalst via a chlorophyll triplet-sensitized hydrogen transfer to quinone could have important implications for the mechanism of oxygen production by photosystem II in green plant photosynthesis. Such radicals can readily dimerize to form peroxides, and enzymic generation of oxygen from peroxides is well known. In addition, the chlorophyll cation radical is most likely the primary product of photosystem I (6, 9, 10). Thus, the present in vitro system provides an analog for both of the types of photoprocesses that occur during photosynthetic energy conversion.
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